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Strong correlations in two conjugate variables
are the signature of quantum entanglement and
have played a key role in the development of mod-
ern physics [1, 2]. Entangled photons have be-
come a standard tool in quantum information [3]
and foundations [4, 5]. An impressive example
is position-momentum entanglement of photon
pairs [6], explained heuristically through the cor-
relations implied by a common birth zone and mo-
mentum conservation. However, these arguments
entirely neglect the importance of the ‘quantum-
ness’, i.e. coherence, of the driving force behind
the generation mechanism. We study theoreti-
cally and experimentally how the correlations de-
pend on the coherence of the pump of nonlinear
down-conversion. In the extreme case - a truly
incoherent pump - only position correlations ex-
ist. By increasing the pump’s coherence, correla-
tions in momenta emerge until their strength is
sufficient to produce entanglement. Our results
shed light on entanglement generation and can be
applied to adjust the entanglement for quantum
information applications.
Entanglement of photons has been explored among dif-
ferent degrees of freedom, such as polarization [4, 5, 7],
time and frequency [8, 9], position and momentum [6]
as well as angular position and orbital angular momen-
tum [10, 11]. Entanglement of two-dimensional systems,
in analogy to classical bits, is the primary resource for
quantum communication and processing [3]. In addi-
tion, multiple-level quantum systems can show high-
dimensional entanglement with a high complexity [12–14]
and can be exploited for various quantum information
tasks [15]. Position-momentum entanglement as a con-
tinuous degree of freedom is the ultimate limit of high-
dimensional entanglement and its deeper understanding
is essential for the development of novel quantum tech-
nologies.
Position-momentum-entangled photon pairs can be
rather straight-forwardly generated in spontaneous para-
metric down-conversion (SPDC) [6, 16], the workhorse
of many quantum optics labs. In this process, a strong
pump beam spontaneously generates a pair of signal and
idler photons through a nonlinear interaction. Formation
of position-momentum entanglement is often explained
by simple heuristic arguments: A pump photon is con-
verted at one particular transverse position into signal
and idler. Due to this common birth place, they are cor-
related in position. In addition, transverse momentum
conservation requires the generated photons to travel in
opposite directions, i.e. they are anti-correlated in mo-
mentum. Hence, in an idealized situation the generated
pairs can be perfectly correlated in both, the position and
momenta, which is the key signature of quantum entan-
glement. However, these arguments have not taken the
coherence properties of the pump beam, i.e. the quantum
aspect of the driving force behind the pair generation,
into account. In this letter, we study how the generation
of position-momentum entangled photon pairs relies on
the coherence properties of the pump. For that, we pump
a nonlinear crystal by a coherent light source (a laser),
a true incoherent source (an LED), and examine the
transition between these extreme cases by pumping with
pseudo-thermal light of variable partial coherence. We
find that the strength of the momentum anti-correlation
depends strongly on the coherence of the pump so that
the degree of entanglement can be adjusted. Fundamen-
tally, our analysis demonstrates that the lack of momen-
tum correlation does not imply an violation of the con-
servation of momenta; it shows that the coherence of the
pump, i.e. its ‘quantumness’, is crucial for the generation
of entangled photons.
A first theoretical analysis [17, 18] of the pair-
generation process shows that the angular profile of the
pump and its coherence is transferred to the down-
converted light. Thus, it determines the uncertainty of
the anti-correlation and also effects the generation of en-
tanglement. Along similar lines, the influence of differ-
ent coherent pump profiles on entanglement and on the
propagation of the generated pairs have been already ex-
plored [19–23]. The impact of temporal coherence of the
pump has been investigated in [24–26].
Our experimental setup (see Fig. 1) is designed in
a flexible manner so that switching between the the laser
2FIG. 1. Schematic of the experimental setup. Photon pairs are generated by pumping a type-II nonlinear crystal (ppKTP)
with either a laser beam with adjustable transverse coherence (red shaded beam path) or a beam derived from an LED that is
spatially incoherent (blue shaded beam path). The coherence of the laser is tuned by modulating the transverse phase profile
with a spatial light modulator (SLM). A polarizing beam splitter (PBS) splits the pairs and their joint spatial distributions are
measured by independently movable slits in each arm. They are followed by bucket detector systems consisting of microscope
objectives, multimode fibers, single-photon detectors. Position correlations are registered by a coincidence measurement in the
imaging plane (f1 and f2), while momentum correlations are observed in the focal plane of a lens f3 (Fourier transform plane,
or momentum space).
and the LED (red and blue shaded regions in Fig. 1)
can be easily accomplished with a flip mirror. We can
further change between detecting position and momen-
tum correlations simply by using a different set of lenses
(see more details in Methods). To investigate entangle-
ment, we measure the probability distributions of the
distance x− ≡ (xs − xi)/
√
2 between singal (s) and
idler (i) photons, as well as their average momentum
p+ ≡ (ps + pi)/
√
2 and compare the results obtained
for both sources. A high correlation in the positions and
momenta reflects itself in small uncertainties ∆x2− and
∆p2+. In fact, they are often used to verify entanglement
of continuous variables, as it is possible that the product
of the uncertainties violates the inequality [2, 27]
∆x2−∆p
2
+ ≥ ~2/4. (1)
The distributions of x− for both sources are shown
in Fig. 2(a) and (c). The positions of signal and idler
photons are highly correlated and the shapes of the two
distributions coincide, underlining argument of a com-
mon birth zone. For the momenta, the distributions of
p+ obtained with a laser and with an LED differ signifi-
cantly, see Fig. 2(b) and (d). The momenta of the pho-
tons generated by the laser are anti-correlated, in agree-
ment with the argument of momentum conservation. We
further verify entanglement, since the measured uncer-
tainty product
∆x2−∆p
2
+
∣
∣
laser
= (0.0112± 0.0005)~2 (2)
violates inequality (1). Here, as well as in all following
discussions, we obtain the uncertainties by a Gaussian
fit to the experimental data. In contrast, the momenta
obtained from an LED-pumped source are uncorrelated,
and the broad distribution leads to
∆x2−∆p
2
+
∣
∣
LED
= (4.62± 0.93)~2, (3)
consistent with inequality (1), implying that entangle-
ment is not present and seemingly in contrast to the ar-
gument of momentum conservation.
For a more detailed analysis, we measure the entire
joint probability distributions for position space P(xs, xi)
and momentum space P (ps, pi) for both the laser and
the LED. The results are illustrated in Fig. 3. The
joint momentum distribution consists two contributions:
the angular profile of the pump along the diagonal and
the phase-matching function along the anti-diagonal of
(ps, pi)-space, given by p± = (ps ± pi)/
√
2, respectively
(see Methods for more details). In position space, the
distribution has the same structure and can be written
as the product of two contributions that can be associ-
ated with the spatial profile and the Fourier transform of
the phase-matching function along the digaonal and anti-
diagonal of (xs, xi)-space, given by x± = (xs ± xi)/
√
2.
The distributions for a laser pump are shown in
Fig. 3(a,b). We observe narrow ellipses along the
diagonal in position space (∆x−/∆x+ = 0.153 ±
0.003) and along the anti-diagonal in momentum space
(∆p+/∆p− = 0.083 ± 0.004), which underlines the
high degree of position correlation and momentum anti-
correlation. The combination of the two is a signature
of entanglement and these measurements underline our
3FIG. 2. Position correlations and momentum anti-
correlations of SPDC pumped by a laser and an LED. We
obtain the coincidence rates in (a,c) by moving the two slits
in opposite directions in the near field (measuring the dis-
tribution of x−) and in (b,c) by moving them in the same
directions in the far field (measuring the distribution of p+).
The acquisition time of each data point is 1min for the laser
pump (a,b) and 15min for the LED pump (c,d); the error
bars are obtained by averaging over five such measurements.
To demonstrate the correlation strength graphically, we show
the average rate of singles counts (gray distributions in the
back; scale on the right side of each plot).
heuristic arguments of a common birth zone and momen-
tum conservation.
The joint position distribution for the LED pump is
shown in Fig. 3(c). Since we designed the experiment
such that the width of the intensity distribution of the
LED light in the crystal is comparable to that of the
laser, the two distributions are very similar. We ob-
serve a narrow ellipse along the diagonal in position
space, i. e. the photon pairs are strongly correlated
in position (∆x−/∆x+ = 0.174 ± 0.003). In contrast,
the joint momentum distribution for the LED shown in
Fig. 3(d) demonstrates that the two momenta are un-
correlated (∆p+/∆p− = 1.0 ± 0.1). Because entangle-
ment requires a strong degree of correlation in both posi-
tions and momenta, we observe no position-momentum
entanglement of photon pairs generated by the LED. The
anti-correlations vanish not because transverse momen-
tum conservation becomes invalid, but because the angu-
lar profile of a transverse incoherent beam is dramatically
different from that of a coherent beam.
We complete our study by experimentally invetsigat-
ing the effect of the coherence length lc of a partially
coherent beam on the entanglement. We spatially modu-
late the laser to generate a pseudo-thermal field that can
be described by a Gaussian Schell-model beam [28]. Such
FIG. 3. Effect of coherence on joint probability distribu-
tions of generated photon pairs. Parts (a) and (b) show
the joint position and momentum distributions when pumped
with a laser (red), parts (c) and (d) show the respective distri-
butions when pumped with an LED (blue). Horizontal axes
denote the position or momentum of the signal; vertical axes
denote the position or momentum of the idler. The joint
distributions show the number of coincidence counts accu-
mulated in 1min for the laser (a, b) and in 15min for the
LED (c, d). The pairs are strongly correlated in position
when pumped with either the laser or the LED, while strong
anti-correlation of their momenta occurs only for a transverse
coherent pump beam. The black areas depict parts that have
not been measured, since nearly no counts were expected.
a pump beam with a beam waist w, a radius of curvature
R, and a wave number kp leads to the variance [18]
∆p2+ = ~
2/(8w2) + ~2w2k2p/(2R
2) + ~2/(2l2c) (4)
of the angular profile. The coherence length lc causes
a spread similar to the one caused by a finite radius of
curvature R. We tune the coherence length [29] through
the modulation strength of different random phases im-
printed on the pump laser and averaged over 300 patterns
(see Methods for more details). The measured uncertain-
ties ∆x2− and ∆p
2
+ are shown in Fig. 4(a). The position
correlation remains unchanged and is independent of the
coherence length [18]. In contrast, the uncertainty ∆p2+
scales quadratically with the parameter w/lc, following
equation (4). The product ∆x2−∆p
2
+ shown in Fig. 4(b)
highlights the impact of lc on entanglement. For suffi-
4FIG. 4. Momentum anti-correlation, position correla-
tion, and the entanglement criterion for pseudo-thermal pump
beams with different coherence lengths. Part (a) shows that
∆x2− (green) is independent of the coherence length, whereas
∆p2+ (purple) follows equation (4), as highlighted by the fit.
The product ∆x2−∆p
2
+ in part (b) increases for decreasing co-
herence and therefore makes a transition from entangled to
classically correlated photon pairs. The red star represents
this product for the (coherent) laser and the blue star repre-
sents this product for the (incoherent) LED whose coherence
length has been extrapolated from a fit.
ciently large coherence (small w/lc), the product is be-
low the bound of ~2/4. For a decreasing coherence length
(increasing w/lc), we exceed this bound and cannot ver-
ify entanglement. The laser result from equation (2) is
consistent with the limit of a fully coherent beam. The
result for the LED from equation (3) is far beyond what
we observed for pseudo-thermal light. Although an ex-
trapolation from our data would lead to a rough estimate
of 12µm for the coherence length of the LED, we empha-
size that the Gaussian Schell model does not describe
such a source very well. We believe that the uncertainty
∆p+ of the LED is not determined solely by the inverse
of lc, but is in addition limited by the finite aperture
of the microscope lens, the low pump efficiency and the
non-paraxiality of the incoherent light. An indication
of similar effects might be the small difference of ∆p−
between the laser and LED measurements, which could
be caused by the strong focusing of the LED inside the
crystal and its small longitudinal coherence [21, 30].
In summary, we have studied the importance of spatial
coherence of the pump to generate position-momentum
entangled photons and demonstrated the ability to con-
trol the degree of entanglement by tuning the coher-
ence of the pump. Since partially coherent beams have
been shown to be less susceptible to atmospheric tur-
bulence [31], our configuration might be useful for fu-
ture long-distance quantum experiments and could of-
fer a testbed for entanglement purification and distil-
lation protocols [32]. We have demonstrated that only
for idealized situations, i.e. a perfectly coherent pump,
the heuristic arguments to explain position-momentum
entanglement remain valid, and we have shed light on
important subtleties of the underlying phenomena of en-
tanglement. Our results underline the relevance of the
coherence of the driving force for the generation of en-
tanglement, not only in quantum optics but also in other
physical systems such as matter waves or Bose-Einstein
condensates.
METHODS
Experimental Setup: In our experiment, the coherent
pump source is a laser diode module (Roithner LaserTech-
nik, RLDE405M-20-5), which can be turned into a pseudo-
thermal light source by modulating the transverse phase pro-
file with a spatial light modulator (SLM, Hamamatsu X10468-
05). The SLM is either used as a simple mirror or to generate
a pseudo-thermal light source with varying transverse coher-
ence [29] and a beam waist of w = 0.11mm in the crystal.
The incoherent source is a blue LED [33, 34] with a center
wavelength of 405 nm and an output power of up to 980mW
(Thorlabs M405L3). To ensure a Gaussian-like beam profile
while maintaining transverse incoherence, we couple the light
into a 400-µm-core multimode fiber. The out-coupled LED
beam is then demagnified by a 4f -system before it enters the
crystal. To ensure the same polarization for both sources,
we introduce polarizers in both beam paths. We additionally
add a 3-nm-bandpass filter at 405 nm in front of the crystal
to reduce the broad spectrum of the LED. After this filtering,
we measure a pump power of 20µW for the laser and 130 µW
for the LED at the crystal.
In all pump scenarios, the photon pairs are generated by
a 1mm×2mm×5mm periodically poled potassium titanyl
phosphate crystal (ppKTP), which is phase-matched for type-
II collinear emission. A long-pass filter and a 3-nm-spectral
filter at 810 nm after the crystal block the pump beam and
ensure that only frequency-degenerate photons are detected.
We split the photon pairs into two separate paths by means
of a polarizing beam splitter. In each path we place a narrow
vertical slit of about 100 µm width, which can be translated in
the horizontal direction and detects either position or momen-
tum depending on the optical system (see below). Photons
passing through the vertical slits are collected by microscope
objectives, coupled into multimode fibers, and detected by
avalanche photodiode single-photon counting modules. The
photon coincidence count rate is recorded with a coincidence
window of 1 ns and as a function of the two distances ds and
di of the slits from the optical axis. To measure the joint posi-
tion distribution, we image the exit face of the crystal onto the
planes of the slits with a 4f -system consisting of two lenses
with focal lengths f1 = 50mm and f2 = 150mm (placed prior
to the beam splitter). We magnify the down-converted beam
to reduce errors that arise from the finite precision of the
slit widths. By replacing the 4f -system with a single lens f3
and placing the two slits in the Fourier planes of the lens, we
measure correlations of the transverse momenta of the pho-
tons. We use a focal length of f3 = 100mm for the laser and
5a shorter focal length of f3 = 50mm for the LED to account
for the broader momentum distribution of the LED beam.
Again, we record the coincidence count rate as a function of
the position of each slit, and we transform the distance ds,i
to momentum through the relation ps,i ∼= ~ds,iks,i/f3. Here,
ks,i denotes the wave number of the signal or idler field.
To generate a Gaussian Schell model beam, we imprint with
the SLM different random phase patterns on the pump laser.
The statistics of these random patterns is Gaussian with a
transverse width in the crystal of δφ = 0.11mm. To tune
the coherence length, we vary the strength of the modula-
tion φ0 and obtain the coherence length from lc = δφ/φ0 [29].
For each modulation strength, we display around 300 differ-
ent patterns, average over the observed counts per measure-
ment setting, and evaluate the obtained uncertainties ∆x2−
and ∆p2+.
SPDC theory: In a spontaneous parametric down con-
version process, the joint momentum distribution P (ps, pi) =
PEPχ consists two parts: (i) the angular profile of the pump
PE ∝ |E(ps+pi)|2, where E is the angular field amplitude, and
(ii) the phase-matching function Pχ, which depends on the the
mismatch ∆κ ≡ κp−κs−κi. Here, κp,s,i are the longitudinal
components of the wave vectors of the pump, signal, and idler
fields. For a bulk crystal of length L, the phase-matching
function takes the familiar form Pχ ∝ sinc2(∆κL/2), but
for other configurations it depends on the crystal poling and
other properties that arise from the propagation of the light
through the medium. If we assume a crystal of infinite trans-
verse size, we obtain precise transverse momentum conserva-
tion, as is apparent from the argument ps + pi of E . In the
paraxial approximation, ∆κ scales as the square of the differ-
ence in the transverse momenta ps − pi, as can be seen from
a Taylor expansion of κj =
(
k2j − p2j/~2
)1/2
for pj ≪ ~kj ,
where kj is the modulus of the wave vector of the respec-
tive field [18]. With the help of a rotated coordinate sys-
tem p± ≡ (ps ± pi)/
√
2, we can rewrite the angular intensity
profile to PE = PE(p+) as well as the phase-matching func-
tion Pχ = Pχ(p−) such that they are only functions p+ and
p−, respectively. After transforming to position space with
a Fourier transformation and after an analogue rotation of
the coordinates system x± ≡ (xs ± xi)/
√
2, we find a simi-
lar structure P(xs, xi) = PE(x+)Pχ(x−). Here, the function
PE(x+) along the diagonal of (xs, xi)-space corresponds to the
intensity profile of the laser and the function Pχ(x−) along
the anti-diagonal is connected to the phase-matching function
through a Fourier transformation.
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